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The Spliced Leader Sequence of Trypanosoma brucei Has a
Potential Role as a Cap Donor Structure
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Trypanosoma brucei brucei and other trypanosomatid species are unique among eucaryotes because
transcription of their protein-coding genes is discontinuous. The 5' ends of their mRNAs consist of an identical
35-nucleotide spliced leader which is encoded at a separate locus from that for the body of the protein-coding
transcript. We show here that the spliced leader transcript contains a 5' cap structure and suggest that at least
one function of the spliced leader sequence is to provide a cap structure to trypanosome mRNAs.

Recent studies have shown that transcription of protein-
coding genes in Trypanosoma brucei is discontinuous (4, 11,
16). The 5' ends of many, if not all, trypanosome mRNAs
contain a conserved 35-nucleotide sequence which is en-
coded separately in the genome in a 1.35-kilobase gene
repeat found in about 200 tandemly arranged copies (6, 7,
19). A transcript of 135 to 141 nucleotides found in steady-
state RNA may be a precursor to the 35 nucleotides present
in mRNAs (4, 11, 16). The function of the spliced leader
sequence, however, remains obscure.
We investigated the structure of the 5' end of the spliced

leader transcript with an enzyme complex (guanylyl trans-
ferase) from vaccinia virions; this complex can synthesize
cap structures on RNAs that have 5' di- or triphosphate
termini (17). The following reactions (excluding a methyla-
tion reaction) are catalyzed:

pppN(pN),, -- ppN(pN),, + Pi
[ox-32P]GTP + ppN(pN)n -* G(5')32pppN(pN),, + PP1

RNAs which bear either a preexisting cap structure or a
monophosphate at the 5' terminus are not substrates. A
preexisting cap structure can be removed by periodate
oxidation and beta elimination by a weak base (9, 17),
resulting in a triphosphate terminus which can be capped by
guanylyl transferase.

Total trypanosome RNA was isolated from T. brutcei laTat
1.2 (12) and treated with guanylyl transferase (Bethesda
Research Laboratories, Inc., Gaithersburg, Md.) and [o-
32P]GTP under conditions recommended by the manufac-
turer. The labeled RNA was hybridized to 3 ,ug of various
plasmids immobilized on nitrocellulose (11). No labeled
RNA bound to the genes for alpha- or beta-tubulin, the
variable surface glycoprotein (VSG) expressed in these
organisms, or the 5.8S rRNA (Fig. 1, Pre). A variable and
small amount of labeled RNA bound to the gene for the
spliced leader repeat (discussed below). As a control, the 5S
rRNA was strongly labeled, consistent with the fact that it
has a 5' polyphosphate terminus (12). Therefore, the 5' ends
of the majority of transcripts for the spliced leader, VSG,
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and tubulins consist of either a monophosphate or a cap
structure.
We then used periodate oxidation and beta elimination to

remove cap structures from 24 ,ug of total trypanosome RNA
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FIG. 1. Autoradiogram of the hybridization to specific genes of
trypanosome RNA capped in vitro with [cx-12P]GTP. Total trypano-
some RNA was capped before (Pre) and after (Post) removal of the
preexisting cap structures. Slots contained immobilized trypano-
some DNA possessing the following genes or plasmids: cloned
spliced leader gene repeat (SL) (7); cloned laTat 1.2 VSG gene
(VSG) (18); cloned tubulin gene repeat including alpha- and beta-
tubulin genes (TUB) (10; a gift of Lyn Yarbrough, University of
Kansas); cloned 5.8S rRNA gene (5.8S) (8); pUC9 plasmid (Cl);
pBR322 plasmid (C2); cloned MVAT 4 VSG gene (C3) (13); and
cloned 5S gene repeat (5S) (12). Preexisting cap structures were
removed from 24 ,ug of total RNA by chemical degradation accord-
ing to the procedure of Fraenkel-Conrat and Steinschneider (9).
Approximately 2 x 106 to 5 x 106 cpm of labeled RNA from this
reaction was hybridized with 3 jLg of various genes immobilized on
nitrocellulose with a slot manifold (Schleicher & Schuell, Inc.,
Keene, N.H.) under conditions described previously (11, 20) and
autoradiographed as shown.
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FIG. 2. Autoradiogram of hybrid-selected spliced leader tran-
scripts and 5S rRNA transcripts from in vitro capped total trypano-
some RNA. RNA was treated with periodate (lanes B and D) to
remove preexisting cap structures or was untreated (lanes A and C)
before capping with guanylyl trartisferase as above. Hybrid selection
was performed with the spliced leader gene repeat (lanes A and B)
or the 5S gene repeat (lanes C and D) followed by electrophoresis on
a 10% acrylamide-7 M urea gel and autoradiography. The large
arrow indicates the position of an RNA species 129 nucleotides in
length; the upper small arrow indicates a species 118 nucleotides in
length, and the lower small arrow indicates a species 117 nucleotides
in length.

and used this decapped RNA as a substrate for guanylyl
transferase (Fig. 1, Post). After decapping, the transcripts
for the spliced leader, tubulin, and VSG were able to
incorporate a much greater amount of [32P]GMP, strongly
suggesting that these transcripts have a preexisting cap
structure resembling that of other eucaryotic mRNAs. This
result is supported by the finding that the VSG mRNA can be
efficiently translated in a rabbit reticulocyte lysate under salt
and temperature conditions optimal for capped mRNAs (K.
Presper, University of Iowa, personal communication). In
contrast, the 5.8S transcript remained unlabeled after the
decapping and recapping procedure. We have shown that the
5.8S RNA is likely produced from a larger precursor and has
a 5' monophosphate terminus (8, 12). Note that the capped
transcripts did not bind to plasmid DNAs with no insert (Fig.
1, C1 = pUC9, C2 = pBR322) or a previously described
VSG cDNA (13), MVAT 4 (Fig. 1, C3), which contained the
spliced leader sequence but was not expressed in these
organisms. The latter result indicates that the transcripts
binding to the spliced leader are not due to the binding of
degraded mRNAs which were labeled)(y guanylyl transfer-
ase and bear the spliced leader.

To show that specific transcripts were being labeled by
this procedure, we hybrid selected the labeled species and
electrophoresed them on a 10% acrylamide-urea gel (Fig. 2).
Only after periodate oxidation was a spliced leader transcript
of 129 ± 2 nucleotides labeled by guanylyl transferase (Fig.
2, lanes A and B). This also shows that the small amount of
label which bound before decapping to the spliced leader
repeat (Fig. 1) is not a labeled, full-length, spliced leader
transcript. In contrast, the 5S transcript is labeled both
before and after periodate treatment (12). The shortening of
the 5S transcript by one nucleotide (Fig. 2, lane D) indicates
that the periodate oxidation and beta elimination have suc-
cessfully removed the diol-containing 3' nucleotide. The
minor 118-nucleotide labeled species in Fig. 2, lanes A and
B, was present in a selection by pUC9 alone (data not
shown) and probably represented labeling of a protein or
DNA contaminant. These results show clearly that an -130-
nucleotide, spliced-leader-containing RNA species in total
trypanosome RNA is capped.
To establish that the spliced leader transcript detected by

guanylyl transferase labeling corresponded to a transcription
product of the spliced leader repeat, a spliced leader tran-
script was sought directly. Trypanosome nuclei were pre-
pared and transcription in vitro was carried out by modifi-
cations of the procedure described by Bitter and Roeder (1).
Briefly, trypanosomes were lysed in 20 mM Tris chloride
(pH 7.5)-25 mM KCl-3 mM MgCI2-0.32 M sucrose-0.5%
Nonidet P-40 by Dounce homogenization, washed, and
suspended in a storage buffer as described previously (1).
Transcription reactions of approximately 5 x 108 nuclei were
carried out with the assay mixture previously described (1)
for 10 min at 20°C. Incorporation was stopped by adding 10
volumes of 60% guanidinium thiocyanate-0.5% N-lauroyl
sarcosine-50 mM lithium citrate (pH 7.0), and the RNA was
isolated by centrifugation through 5.7 M cesium chloride.
The RNA thus isolated was hybrid selected with a plasmid

containing the spliced leader gene repeat as previously
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FIG. 3. Autoradiogram of a hybrid selection of transcripts en-
coded by the spliced leader gene repeat (a) Total unselected RNA
labeled in trypanosome nuclei. (b) RNA selected by pUC9 plasmid.
(c) RNA selected by spliced leader gene repeat cloned into pUC9.
Arrows show approximate sizes (in nucleotides) of the two major
spliced leader transcripts.
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FIG. 4. Models for the spliced leader acting as a cap donor

structure, based on previous models for the addition of the spliced
leader sequence to protein-coding transcripts either during tran-

scription (primer model) or as a posttranscriptional modification

(biomolecular splicing model) (4, 11, 16). At the top, thick lines

indicate the regions encoding the spliced leader transcripts, and

doubly thick lines marked 35 are the sequence of the conserved

35-mer. Wavy lines indicate RNA transcripts which are encoded at

the genomic loci for various protein-coding genes. The precursor

RNA is enclosed in brackets, since its existence has not been

demonstrated experimentally.

described (14). Bound RNA was eluted and electrophoresed
on 10% acrylamide-7 M urea gels followed by autoradiogra-

phy (Fig. 3). A complex group of spliced leader species is

shown in Fig. 3, lane c; this group was synthesized with two

predominant forms of -130 and -140 nucleotides in length

(based on migration of standard-length molecules not

shown). These were not selected by plasmid vector alone

(lane b). No larger species were detected, suggesting that

these are the primary transcripts derived from the spliced
leader gene repeat. The size of these transcripts corre-

sponded well to previous estimates of the size of the spliced
leader transcript and to the finding of Kooter and Borst that

a region of --140 nucleotides of the spliced leader gene

repeat is highly transcribed (4, 6, 11, 16). The significance of

two major species synthesized in isolated nuclei is not clear;

the smaller of the two corresponded to the size of the spliced
leader transcript detected by guanylyl transferase labeling.
The fact that the --140-nucleotide species was not labeled

with guanylyl transferase either before or after decapping

(Fig. 2) suggests either that this species does not accumulate

in steady-state RNA or that it has a 5' monophosphate, an

unusual cap structure, or a blocking molecule not sensitive

to periodate oxidation. Experiments are in progress to

distinguish among these possibilities. The presence of nu-

merous minor species may be due to minor sequence varia-

tions in spliced leader RNAs produced from different mini-

exon repeats within the tandem arrays, as has been previ-

ously shown for 5S rRNAs (21). Supporting this suggestion

are significant differences in the sequences of the spliced
leader RNA coding regions in different repeats isolated from
T. bruicei (4, 5, 7; unpublished data).

In summary, the spliced leader is a small capped RNA that
bears no translated sequence (6). In this respect it is similiar
to human and Xenopius small nuclear RNAs which are also
transcribed from tandem arrays and are capped (3, 15, 22).
Most previous work on the spliced leader sequence has
focused on its potential role in transcription (4, 6, 11, 16, 19).
Our finding that the spliced leader transcript is a capped
species suggests that it also functions as a cap donor
structure. Two possible models of how the spliced leader
serves as a cap donor structure are shown in Fig. 4. In the
pfimer model, an additional function of the spliced leader is
to act as a primer for transcription of the mRNAs on whose
5' end it is found. In the bimolecular ligation model, the
spliced leader is added posttranscriptionally, and no predic-
tions are made about other functions of the spliced leader
sequence. A precedent supporting the notion of a small RNA
acting as a cap donor structure is found with influenza virus.
In this virus, the cap and a short stretch of 10 to 15
nucleotides from host cell mRNAs are removed and used as
capped primers for synthesis of viral mRNAs (2). The total
conservation of the 35-nucleotide sequence indicates, how-
ever, that there may be other functions served by this novel
spliced leader.
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